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ABSTRACT 

Genomic research is nowadays based on high throughput analytical techniques. Microarray assays are commonly used 
to determine DNA content of heterogeneous mixtures up to full genome scale. For low amounts of sample material this 
method, however, requires time consuming and error prone PCR based amplification steps. Here, we present an assay 
with the ability to characterize the cDNA content of a low number of cells using ultra-sensitive fluorescence 
microscopy. 

For detection, a newly developed chip reader was used. The instrument is based on a modified fluorescence microscope 
with single dye sensitivity. The highly sensitive CCD detector is operated in TDI mode, which allows avoiding 
overhead times for sample positioning and signal integration. This enabled the scanning of areas of 1x0. 2cm 2 within 50 
seconds at a pixel size of 200nm. At this resolution, single dye molecules can be reliably detected with an average signal 
to background noise ratio of -42. 

For DNA hybridization experiments, oligonucleotides were covalently linked to a newly developed aldehyde surface. 
Subsequently, fluorescence labeled complementary oligonucleotides were hybridized at various concentrations. Down 
to femto-molar oligonucleotide concentrations, specific signals were detected. At lOfM concentration signals of 
individual specifically hybridized oligonucleotide molecules were resolvable. This assay provides the conceptual basis 
for expression profiling of low amounts of sample material without signal amplification. 
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*jan.hesse@jku.at, phone: +43-732-2468-9288, http://www.biophysics.jku.at/bioph/stafliesse/hesse.htm 



1. INTRODUCTION 

Microarray technology is a widely used approach for massively parallel detection of biological target molecules. It 
allows gaining insights into properties of cells or tissues through the determination of RNA and protein expression 
profiles. These profiles can be used to study the dependence of phenotypic aberrations on the expression of specific 
genes or proteins (7). Microarrays are presently applied to genotyping (2) and comparative hybridization studies of 
genomic DNA (3). However, when only minute amounts of sample material are available, unambiguous identification 
of aberrant genotypes still remains a difficult task. There, a limitation is set by the sensitivity of commercially available 
microarray platforms. Conventionally, this problem is circumvented by using PCR amplification methods to increase 
the amount of sample. It is known, however, that the efficiency of PCR amplification depends on DNA sequence and 
structure (4) and PCR can therefore cause statistically distorted outputs for heterogeneous DNA mixtures. 
Recent advances in fluorescence detection techniques extended the range of sensitivity down to the level of single dye 
molecules (5) (<5). For applying such devices in medical diagnostics, high throughput capabilities have to be achieved. 
We developed a novel fluorescence reader that has the capability for fast detection of single molecules on biochips (7). 
In the work presented here, we show the feasibility of this reader for DNA microarray analysis by hybridizing Cy5 
labeled 60mer oligonucleotides (sense) to fully complementary oligonucleotides (antisense) covalently bound to a glass 
surface. 



2. SETUP 



The reader (figure 1) is based on a conventional epi-fluorescence microscope (Zeiss, Axiovert 200). For fluorescence 
excitation, 633nm and 647nm laser light from a dye and a Kr + -ion (dye) laser (Coherent Innova 301), respectively, is 
used. To achieve a homogeneous excitation profile and an adjustable spot size, the shape of the laser beam is controlled 
using two cylindrical telescopes. Additionally, this configuration allows controlling the divergence of the laser beam 
(Kohler illumination). Adjustment of the incident angle of the laser at the surface of the sample is achieved by changing 
the angle of the incoming laser beam at the epi-port of the microscope. The excitation intensity was set to 0.135kW/cm 
at 647nm for the experiments on oligonucleotides and to 0.5kW/cm 2 at 633nm for bilayer experiments. Fluorescence 
light is collected using a lOOx oil immersion objective (Zeiss, ot-Fluar, NA=1.45). Residual Rayleigh and Raman 
scattered light is effectively blocked using standard Cy3 and Cy5 filter sets (Chroma). Signals are detected on a back- 
illuminated NTE/CCD camera (Roper Scientific, QE>85%). This camera uses an asymmetric CCD chip with 
C=1340pixels in serial and L=100pixels in parallel direction (pixel size: 20um) and can be operated in time delayed 
integration (TDI) mode. For precise positioning, samples are mounted on a scanning stage (Marzhauser, Scan IM 
120x100) with 20nm minimum step size. The stage is equipped with an optical encoder system for closed loop sample 
positioning with ± 1 OOnm accuracy. 




Figure 1 The setup is based on a conventional inverted epi-microscope (Zeiss, Axiovert 200). A dye and a Kr + -ion laser emitting at 
633nm and 647nm, respectively, are used for fluorescence excitation. Proper beam shaping is achieved using the combination of one 
spherical lens (fM9mm) and two cylindrical lenses (£=40mm and f^200mm). The sample is illuminated through a lOOx objective and 
mounted on a xy-stage with 20nm step size. Fluorescence is collected using the same lOOx objective and detected using a CCD 
camera (Roper Scientific). For automated maintenance of the focal position, the reflected excitation beam in TIR mode is detected on 
a 2-segment photodiode. The focus hold system uses the differential signal of this diode to control the position of the objective 
mounted on a z-piezo. 

TDI mode detection has been developed for astronomy to acquire long swaths of moving objects, especially at low light 
levels (8). It requires the synchronization of the parallel register shift with the object motion, so that charge packets on 
the CCD pixels always correspond to the same image region as they move across the parallel register. Thereby, charge 
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accumulates and signal strength increases as the pixels approach the read-out register. Because of the continuous read 
out, TDI mode operation allows to acquire images larger than the actual chip size. 

Synchronization of sample and image shift is achieved by running the camera as master, which provides trigger signals 
upon each line shift. This trigger is used to control the movement of the sample mounted on the xy-stage. Here, we use 
this imaging mode to achieve high signal to noise ratios when detecting single fluorescent molecules on areas in the 
range of square centimeters (P). 

TDI mode imaging allows minimizing overhead times for time-consuming sample positioning with accuracies in the 
1 OOnm range. In contrast to conventional methods, TDI based scanning allows reaching the theoretical minimum for the 
scanning time of 
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with A the area to be imaged, S the pixel size in the object plane, t read _ out the time to digitize each pixel, t line _ shift 
the time to shift one line into the read-out register and t positioning additional terms accounting for positioning the stage; 
L and C the total number of lines and columns on the CCD chip, respectively. 

The illumination time t m in TDI mode depends on the read out speed of the used camera and the excitation profile. The 

telescope allows independent adjustment of the widths and divergences of the laser beam in two perpendicular axes. An 
additional aperture in the beam path is used to fine-tune the size of the illuminated sample area to the size of the 
detection area and yields a homogeneous rectangular excitation spot with a size of 20 um x 200 um (corresponding to 
100 x lOOOpixels on the CCD chip at M=100). For quantitative imaging, residual inhomogeneities of the excitation 
profile have been corrected. The illumination time in this configuration is equal to the time required for reading one 
frame of the CCD t m - L • [C • t read _ ou{ + t Hne _ shif \ For the camera used in this study, t m equals 100ms and the total 
recording time in TDI mode for a 1x0.02cm stripe is 50s. For the gaussian excitation profile used in the bilayer 
experiments, the illumination time can be calculated using i m = Jlnc • [c • t rea( i-out + time-shift ] (7) and is equal to 53ms. 
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Figure 2 Operation principle of the focus hold system. Upon defocusing of the sample, the reflected laser beam changes its position 
on the 2-segment photodiode. The differential signal of the two diodes is a sensitive measure for the focal position and is used to 
control a feed-back loop to the z-piezo. 



To image arbitrary sample sizes, the setup allows scanning of neighboring stripes and images in the range of square 
centimeters can be obtained. To ensure proper focusing over such large images, an automatic focus-hold system has 
been set up (10, 11). For this purpose, the laser is adjusted slightly out of the optical axis of the objective which results 
in a non-perpendicular incident angle at the sample surface. The step in the refraction index from glass to buffer causes 
the laser light to be partially reflected at the sample surface. The reflected light is spatially separated from the incident 



beam (see figure 2) and can be guided onto a 2-segment photodiode using a simple mirror. Upon changes in the distance 
between objective and sample surface, the angle of the reflected laser beam changes (figure 2). This deflection is 
detected using a 2-segment photodiode (Hamamatsu) whose differential signal is used as input into a PID controller 
operated in feedback loop; the output of this controller is connected to a piezo driven focusing system (Physik 
Instrumente). 



3. SAMPLE PREPARATION 



3.1. Supported DPPC bilayers containing DPPE-Cy5 

For a proof of principle experiment, the device was used to image a supported lipid bilayer on a glass cover-slip, 
containing trace amounts of fluorescent labeled lipid. The bilayer was formed by vesicle fusion (12). Briefly, 2.5mg/ml 

dipalmitoyl-phosphatidycholine (DPPC, Avanti Polar Lipids) containing a molar fraction of 10" 8 Cy5-labelled 
dipalmitoyl-phosphatidylethanolamine (Cy5-DPPE (13)) were sonicated in phosphate buffered saline (PBS). Glass 
cover-slips were incubated with lOul of the resulting vesicle solution for 30minutes at room temperature. Prior to the 
fluorescence read out, the vesicle solution was diluted with 1ml pure PBS to remove remaining vesicles from the glass 
surface. The formed bilayer was imaged in TDI mode with an illumination time of 53ms. At room temperature, DPPC 
lipid forms a bilayer in gel phase; the matrix is characterized by a lateral diffusion constant of Di at ~10' 12 cm 2 /s (14), 
which allows to treat individual Cy5-DPPE molecules as immobilized on the length and time scale of the experiment. 

3.2. Oligonucleotides on coverslips 

For hybridization experiments, custom made aldehyde coated cover-slips (Upper Austrian Research GmbH) were used. 
Amino-reactive 60-mer oligonucleotides specific for Xenopus Xag-2 RNA (VBC-Genomics) were bound to the chip 
surface as capture sequences. For higher coupling efficiency, the capture sequence contained a short 12 carbon long 
crosslinker between the oligonucleotides and the amino-group. After 1 day incubation period, the unbound 
oligonucleotides were removed by extensive washing with blocking buffer containing lOuM sodium cyanoborohydride 
for reducing the Schiff bases and forming a stable covalent bond between chip surface and oligonucleotides. 
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Figure 3 Sketch visualizing the chip surfaces used for hybridization experiments with labeled sense-oligonucleotides. (a) Aldehyde 
coated glass slide, surface functional ized with anti sense-oligonucleotides and specifically hybridized labeled sense-oligonucleotides. 
(b) Surface functionalized with sense-oligonucleotides. (c) Not fiinctionalized glass slides with aldehyde coating after blocking 
procedure, (a-b) The 12 carbon long crosslinker (solid black line) increases the coupling efficiency of the capture probes to the 
aldehyde coating. 



For specific hybridization, the antisense functionalized surfaces were incubated with Cy5 labeled complementary 60mer 
sense-oligonucleotides. Hybridization was performed for one hour at room temperature in 4xSSC buffer containing 
lOfM Cy5 labeled sense-oligonucleotides and 0,1% SDS (Sodiumdodecylsulfat). The chips were subsequently washed 
with various concentrations of SSC (Saline- Sodium Citrat) buffer containing SDS. Finally, samples were covered with 
0,1 SSC buffer for microscopy. To achieve comparable results, these conditions were kept constant throughout the 
experiments presented in this paper. Negative control experiments were performed under identical conditions using 
glass slides functionalized with non-complementary sense oligonucleotides or left not functionalized. 



4. RESULTS 



4.1. Single dyes in lipid bilayers 

Fluorescence images from lipid bilayers were recorded in TDI mode with scan lengths in the millimeter range. No 
significant defocusing was observed over the whole scan length. Images appear homogeneous and contain randomly 
distributed fluorescent peaks, as expected from previous measurements on similar systems (75, 16). 
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Figure 4 (a) 1 x 0.2mm 2 area of a DPPC bilayer containing a molar fraction of 10* 8 Cy5-labelled DPPE molecules. The image has 
been recorded in TDI mode within 50s. Fluorescent peaks, corresponding to Cy5 labelled DPPE molecules, are randomly distributed 
over the whole area. No defocusing is observed over the 1mm scan, (b) and (c) are details of (a) and (b), respectively, showing single 
molecule signals as bright diffraction limited spots. All images have been corrected for residual variations in the excitation profile 
using the intensity profile of the exciting laser spot. 

The surface density was found to be approximately 1.4 Cy5-DPPE molecules per lOOurn 2 . Assuming a mean area of 
48 A 2 per DPPC molecule (77), this values compares well with the theoretical prediction of 2.1 molecules/1 OOum 2 . 
Signals of individual fluorescent peaks were analyzed by fitting an elliptical 2-dimensional Gaussian function (18\ 
which accounts for the point spread function of the microscope and the TDI mode specific image-distortion in scanning 
direction (19). Analysis of 1350 diffraction limited fluorescent peaks yielded an average FWHM X - 510nm in scanning 
direction, and FWHM 2 - 450nm in the perpendicular direction. While the latter value compares well with the 
previously characterized width of the point spread function in the focal plane FWHM ?S? = 470nm (20), the width in 
scanning direction shows the expected increase of -13% compared to the perpendicular axis. 
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The experiments on lipid bilayers were performed using a dye laser emitting at 633nm and the illumination time was set 
to 53ms. The fit with an elliptical Gaussian function yields a median intensity of -812counts per individual fluorescent 
peak. Taking into account the excitation intensity of -0.5kW/cm 2 and the illumination time of 53ms, this value is in 
good agreement with previous results on this fluorophore containing bi layer system (7 3). The high signal amplitude 
enables easy discrimination of individual fluorescent peaks against the background. The background noise of lOconts 
rms corresponds to 22counts per diffraction limited spot and yields a signal to background noise ratio of -37. This high 
value enables unambiguous detection of basically all fluorophores on the glass slide. 



4.2. Oligonucleotides on coverslips 

Samples with hybridized cDNA oligonucleotides were scanned in TDI mode as described above. All samples showed 
randomly distributed fluorescent signals (figure 5), indicating binding of Cy5 labeled oligonucleotides on the surface of 
the chip. The image in figure 5a shows a 4800um 2 image of a antisense-functionalized glass slide with specifically 
bound sense oligonucleotides. Bright fluorescent peaks with an average density of 6 molecules per lOOum 2 are clearly 
visible. Unspecific binding of labeled oligonucleotides to the surface was quantified on samples containing non- 
complementary sense oligonucleotides (figure 5b) and unfunctionalized surfaces (figure 5c); the same hybridization 
procedure was performed for all experiments. The surface density on the sense-fun ctionalized chips decreased by a 
factor -5 (-1.1 molecules per lOOum 2 ) compared to the functionalized sample areas indicating cross-hybridization 
between labeled sense oligonucleotides and sense nucleotides on the chip surface. On unfunctionalized chips the surface 
density further decreased to -0.1 molecules per 100am 2 which shows the good anti-adsorptive properties of the used 
surfaces. 
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Figure 5 80>m x 60\im images of (a) specifically functionalized (antisense), (b) unspecifically functionalized (sense) and (c) not 
functionalized glass slides after hybridization with lOfM Cy5 labeled oligonucleotides. Fluorescent signals of single labeled 
molecules are clearly visible as diffraction limited bright spots, (a) Specific hybridization yields a surface density of 
6 molecules/1 OO^m 2 . (b) Unspecific signal caused by cross-hybridization of labeled sense oligonucleotides with sense nucleotides on 
the chip surface yields a surface density of -1.1 molecules/ 1 00 (im 2 . (c) Unspecific adsorption to not functionalized chip surfaces 
results in a weak background signal of -0.1 molecules/ lOOum 2 . 

For detailed analysis, the fluorescent signals were fitted with an elliptical Gaussian function. Analyzing the peaks width 
perpendicular to and in scanning direction showed the expected peak broadening of -14%. Both values, 
FWHM X =514nm in scanning direction and FWHM 2 =450nm perpendicular to it, are near the diffraction limit of 
FWHM ?S¥ =470nm. 

A median intensity of -1188counts was obtained for diffraction limited peaks. Taking into account the different 
illumination parameter, this value compares well with data recorded on individual fluorescent lipids (figure 4). For this 
comparison, we calculated the fluorescence intensity normalized by illumination time and excitation intensity, yielding 
48cnts (53cnts) for lipids (oligonucleotides). Considering the low background noise of 16 counts rms, corresponding to 
28counts per diffraction limited spot, this yields a signal to noise ratio of -42 for single labeled oligonucleotides (figure 
6). 
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Figure 6 Histogram of the single-molecule signal intensity recorded on the biochip shown in Figure 5, plotted in logarithmic scale. 
The median signal of 1188counts clearly exceeds the background noise of 28counts per diffraction limited spot, yielding a mean 
signal to background noise ratio of -42. This allows one to unambiguously detect basically all dye molecules on the glass slide. To 
improve visibility, distribution of the background signal has been plotted as a probability density function. 



5. CONCLUSIONS 

The single molecule sensitivity of the presented microscope has been shown on DPPC bilayer containing trace amounts 
of Cy5-labeled DPPE molecules. At a molar ratio of 1:10 8 individual Cy5-DPPE molecules have been detected in the 
DPPC matrix at a signal to noise ratio of -37, which allows detecting basically all labeled molecules located at the 
sample surface. The width of the diffraction limited peaks remained constant over the whole scan length of 1mm, 
demonstrating the proper function of the focus hold system. Furthermore, the slight peak broadening in scanning 
direction of -1 3% indicates a good synchronization of sample movement and CCD camera read-out. 
We demonstrated the applicability of this setup for the ultra-sensitive chip-based DNA detection using specific 
oligonucleotide hybridization as a test system. Down to incubation concentrations of lOfM, specific signals from 
individual oligonucleotides hybridized to their complementary sequence on the chip have been detected. Even at the low 
labeling stoichiometry of 1 dye molecule per oligonucleotide, we achieved a signal to background noise ratio of 42, 
which allows unambiguously counting all oligonucleotides on the chip. 

The presented setup is a promising tool for detection of trace amounts of sample cDNA without the need for prior 
amplification steps like e.g. PCR, which are time consuming and might cause quantification errors. Applying the 
presented technology to DNA microarrays has the potential for expression profiling of minute amounts of sample down 
to the level of single molecules. 
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